Prolidase is a ubiquitously distributed dipeptidase and the only dipeptidase in humans capable of cleaving the peptide bond preceding the amino acids proline (Pro) or hydroxyproline (Hyp). It is mainly implicated in the degradation of dietary and endogenous proteins. It is also involved in the terminal steps of collagen catabolism by hydrolyzing Pro and Hyp-containing dipeptides. Finally, it is believed to play a role in the regulation of peptidic hormones. Diminished or absent prolidase activity is related to a rare autosomal disease, referred to as prolidase deficiency (PD). This disease manifests itself by a variety of clinical symptoms. To date, there is no definitive cure to PD. This may in part be due to an incomplete understanding of the wild-type (wt) enzyme with respect to substrate-binding mode and consequently the mechanism of the catalyzed reaction. In this work, we describe the high-resolution crystal structures of the wt human prolidase in the ligand-free form as well as in substrate-bound states and in complex with the cleavage product Pro. This series of structures provides much relevant information for the definition of substrate-binding and the reaction mechanism. A recent study on Escherichia coli prolidase revealed how substrates of different length are discriminated. Here, based on our own structural results, we evaluate and extend this analysis. Moreover, we describe and analyze substrate and product binding in the active site and we propose that the crucial catalytic moiety is actually a hydroxide ion. This information significantly advances our understanding of prolidase-based pathologies.
Introduction
Among the 20 standard amino acids, proline (Pro) is unique in the sense that its side chain turns back onto its own backbone amino group, thus creating a rather rigid and hard to hydrolyze pyrrolidine ring. In peptides, Pro is also capable of protecting its preceding peptide bond from hydrolysis [1] . In proteins, the insertion of Pro into the amino acid chain frequently results in the stiffening of the tertiary structure. In contrast to any other amino acid, Pro favors the occurrence of the cis-conformation in the peptide bond preceding Pro [2, 3] . Quite often, Pro occurs in functional protein regions of the amino acid chain [4] . With respect to polypeptide classes, Pro is frequently found in growth factors, cytokines, neuro-and vasoactive peptides, and other modulators, where it is believed to protect against hydrolysis [1, 5] .
Numerous peptidases exist in nature, but there are only very few, which are able to cleave peptide bonds preceding Pro [6] . Prolidase (EC 3.4.13.9) is the only known metalloenzyme in eukaryotes catalyzing the hydrolysis of Xaa-Pro (Xaa: any hydrophobic amino acid) dipeptides. For human prolidase, the preferred dipeptide substrate is GlyPro [7] , but other Xaa-Pro dipeptides can be utilized as well (Xaa = Ala, Met, Phe, Val, or Leu) [6, 8] . Interestingly, prolidases including the human enzyme [9] are also able to hydrolyze organophosphorous compounds frequently used in chemical warfare [10] [11] [12] . Prolidases were identified in bacteria, archaea, and eukaryotes [13, 14] (and references therein). The exact role of prolidase in bacteria is not very well established, but it is thought to take part in the degradation of intracellular proteins and the recycling of Pro [15] . Another possible role is to counteract poisoning [10, 16] . Its metabolic importance is confirmed by its presence in Mycoplasma, which is known as the species retaining only the most important and essential cellular functions [17, 18] . The role of prolidase in humans is mostly linked to the hydrolysis of Pro-and hydroxyproline-containing dipeptides in the last step of collagen catabolism, as well as of other endogenous and dietary proteins. Thus, prolidase plays an important part in Pro recycling for protein synthesis [19] . Furthermore, prolidase was implicated in the deactivation of neuropeptides [20, 21] and in inflammatory response regulation by interaction with nitric oxide synthesis [22, 23] . Alterations of the prolidase activity level have also been linked to various forms of cancer. This has led to the development of anticancer prodrugs. An example is the drug melphalan coupled to Pro (aka prophalan), which mimics the substrate of prolidase. Upon prolidase action, prophalan is cleaved and the active compound melphalan is released [24] [25] [26] . More recently it was shown, that the human prolidase Gly278Asp mutant acts as an inhibitor of the cancer-related ErbB1 and ErbB2 receptors. As a consequence, it can lead to tumor regression in mice [27] . Furthermore, a link between plasma prolidase activity and Parkinson's disease [28] as well as schizophrenia [29] was recently suggested.
Prolidase deficiency (PD) is a rare recessive disorder observed in humans characterized by absent or diminished prolidase activity. The estimated incidence of 1-2 cases per million births [30, 31] qualifies it as an orphan disease [6, 14, 32] (http://www.orphanet.net). Unfortunately, such diseases typically draw very little interest from the pharmaceutical industry. Various mutations in the PEPD gene (AC_008744) [33] [34] [35] [36] [37] [38] [39] [40] were identified resulting in a range of severe clinical symptoms. Skin ulceration, recurrent infections of the respiratory tract and mental retardation of different degree are the most common symptoms associated with PD [6, 14, 30] . To date, no definitive cure against PD is available. Various approaches have been suggested, including oral manganese and ascorbic acid supplementation, blood transfusions and enzyme replacement therapy [41] . Rather recently, the usage of Hsp70 and Hsp90 chaperones was suggested as promising approach for treatment of PD [42] . The exact mechanism of prolidase inactivation as a result of certain site-specific mutations is not well understood. This aspect is the subject of a separate study, in which several crystal structures of human prolidase bearing eight of the known PDcausing mutations, which lead to single amino acid deletions or substitutions, will be described.
Prolidases are also interesting from the biotechnological point of view. These enzymes are frequently used in the cheese ripening process in order to reduce the bitter taste arising from Pro containing dipeptides [43, 44] .
The first crystal structure of prolidase published was from the hyperthermophilic organism Pyrococcus furiosis [45] . Based on its structural similarity to proteins such as aminopeptidase P (APP), creatinase and methionine aminopeptidase (MetAP) prolidase was classified as pita-bread fold protein. This fold is defined by two structurally similar domains of two ahelices and an antiparallel b-sheet, which create a deep binding cavity between the two layers of the pitabread. At the bottom of this cavity, a bimetallic active center is located. The metal-binding site is almost identical in all above-mentioned proteins suggesting a common catalytic strategy [46] . For prolidase, the reaction mechanism was further studied using QM calculations [5] , but so far direct structural evidence unequivocally describing the relative orientation of all necessary components prior to, or in the course of the reaction is lacking. Furthermore, the substrate specificity of Escherichia coli prolidase was analyzed previously based on docking experiments. This pointed to an essential role of a certain Arg residue [47] . This hypothesis is interesting, but still needs to be confirmed by experimental evidence. Here, we describe high-resolution crystal structures of human prolidase in the unliganded state as well as complexed with two distinct substrates and with one of the products with either Na + or Mn 2+ /Mg 2+ ions in the active site. This series of structures provides deep insights into both the mechanism of the prolidase-catalyzed reaction and the prolidase substrate selectivity.
Results and Discussion

Structure summary
In this paper, we report and discuss four high-resolution crystal structures of wild-type (wt) human prolidase (Table 1 ). The first structure is the substrate-free Mn 2+ -loaded structure (HsProl-Mn), which is the structure that represents the active state of the enzyme before the substrate has bound. The second structure is the complex of prolidase with the substrate GlyPro (HsProl-Na-GlyPro). In this structure, Mn 2+ seems to be replaced by Na + , because any attempt to soak the substrate into crystals of Mn 2+ -loaded enzyme led to instantaneous degradation of the substrate. The third structure is the Mg 2+ -loaded enzyme in complex with the alternate substrate LeuPro (HsProl-Mg-LeuPro). Here, it was possible to load the enzyme with Mg 2+ , which mimics Mn 2+ more closely than Na + . The apparent inactivity of the Mg 2+ -loaded enzyme and the use of the alternate substrate LeuPro, which exhibits a very low turnover rate compared to GlyPro, led to the stable complex, which we were able to capture. The fourth structure is the complex of prolidase with Pro, the product of the enzyme-catalyzed reaction (HsProl-Mn-Pro). All four structures have been determined to high resolution (1.48-1.73
A; Table 1 ) and refined to rather low R work and R free values. Together with excellent geometrical statistics, this documents that the structures are of very good quality (Table 2) . For the two Mn 2+ -containing prolidase complexes, additional diffraction data sets at wavelengths above the Mn X-ray absorption edge were collected, which allowed us to unequivocally determine the presence and position of Mn 2+ -ions in the active sites of the enzyme.
The overall structure of prolidase
Human prolidase is a homodimer build up of two 493 amino acid long chains (Mw = 54 548 Da) oriented relative to one another in C2 symmetric fashion (Fig. 1A) . Each subunit can be subdivided into two domains: The N-terminal domain (residues 1-184) and the C-terminal domain (residues 185-493), which harbors the active site of the enzyme. The C-terminal domains contain the so-called pita-bread fold (Fig. 1B) . The electron density is clearly present for the residue range Gly6 to Phe489, although residues 483-489 are more flexible than the rest of protein and can be present in alternate conformations. The first five and the last four amino acids are too flexible and not visible in the electron density map. Cys482 preceding the flexible C-terminus forms a intermolecular disulfide bond with its counterpart from another subunit, thus covalently linking different prolidase dimers in the crystal and forming a tetramer. Since in solution prolidase is found almost exclusively in the dimeric form (data not shown), this observation of most likely an artifact of crystallization. Another intermolecular disulfide bond is observed between residues Cys58A and Cys158B, linking the two monomers within one dimer together. It is interesting to note, that this latter SS-bridge is only present in the inactive (Mn 2+ free) complex with the substrate bound in the active site, and not in the Mn 2+ loaded, substrate-free complex, where the distance between the two SG atom pairs is 3.67 and 3. 64 A, respectively. The buried surface area upon dimer formation is 2850 A 2 in the unliganded HsProl-Mn structure, which shows that the dimer is stable. Interestingly, upon substrate binding this interface area increases further to about 3030 A 2 ( Table 3 ). This increase is mainly caused by a surface loop closing the active site upon substrate binding. More discussion on this will follow below.
The metal-binding sites in the active site of prolidase As mentioned above, all known pita-bread enzymes contain a canonical bimetallic center at the bottom of their active site cleft. Depending on the particular protein, the preferences for the identity of the metal ions can vary [5] . The physiologically relevant metal ions in the case of human prolidase [48] are Mn 2+ although some residual activity has been reported in the presence of other divalent ions [7, 47, 49] , among them Mg
2+
. In order to examine the metal binding in detail, apo-prolidase crystals have been soaked with MnCl 2 solution. In the resulting HsProl-Mn structure, the architecture of the metal-binding site and the exact environment of the two Mn 2+ ions can be discerned (Fig. 2) . As judged from the electron density as well as from the refined atomic displacement parameters, one of the two Mn 2+ -ions is more tightly bound (Mn499) and is located adjacent to His370, while the other is more weakly bound (Mn500) and is located adjacent to Asp276 (Fig. 2A) . The two ions Mn499 and Mn500 correspond to MnA and MnB in aminopeptidases as in Graham et al. [50] and to M1 and M2 also for aminopeptidases as described in Lowther and Matthews [46] , respectively. The tightly bound Mn499 has six ligands in its coordination sphere and exhibits a distorted octahedral geometry. The direct ligands of Mn499 are His370-NE2, three carboxylic oxygen atoms of Asp287, Glu412, and Glu452, one water molecule and another moiety bridging the two metal ions Mn499 and Mn500. More discussion on this ligand will follow below ( Table 4 ). Mn500 is also coordinated by six ligands: the carboxylic oxygen atoms of Asp287 and Glu452, the bidentate Asp276 carboxylate group, a water molecule and the bridging ligand. The bidentate interaction between Mn500 and Asp276 is almost symmetrical, which is in contrast to what was found for the Zn 2+ coordination described for P. furiosis prolidase [45] . If the bidentate Asp276 carboxylate group is considered as a single ligand, the coordination sphere of the Mn500 may be described as trigonal bipyramidal. In addition to the immediate metal coordination, an extended water network is found in the active site of prolidase (not shown). The distance between Mn499 and Mn500 ions in subunits A and B of human prolidase is 3.20 and 3.26 A, respectively. As is evident from Fig. 2 the two Mn 2+ -ions are bridged by two syn-bidentate carboxylate groups (Asp287 and Glu452) and by another moiety which is clearly evident from the electron density. This moiety may be a water molecule or a hydroxide ion. Since the distance between Mn500 and this bridging entity is significantly shorter than expected for a Mn 2+ -water bond (2.19 AE 0.05 A) [51] , we suggest that this bridging moiety is actually a hydroxide ion. This observation will become of crucial importance when discussing the reaction mechanism in detail. In peptidases, the nature of the carbonyl-group attacking nucleophile is the cornerstone of the reaction mechanism and we propose that in prolidases, the so far elusive nucleophile is the bridging OH À -group.
Substrate binding to prolidase
Upon soaking of the crystals with the substrate GlyPro in the absence of MnCl 2 , the substrate is bound more or less instantaneously (within less than 2 min) into the active site of the enzyme close to the metal ions (Fig. 3) . The comparison of the apo and the ligand bound structures shows, that upon ligand binding the side chain of His255 moves by about 6 A. This is accomplished by the movement of the entire a-helix containing surface loop comprising residues 98-112 of the other subunit toward the protein interior. Along with this loop moves the bulky side chain of Trp107, which leads to the narrowing of the channel connecting the active site with the bulk solvent ( Fig. 3) and to an increase of the buried surface area of the dimer by almost 200 A 2 (Table 3 ). In the complex structure HsProl-Na-GlyPro (Table 1) , GlyPro is coordinated by a network of interactions involving Asp287-OD2, a water molecule, a Na + ion (which sits in the place of the tightly bound Mn499), another likely Na + ion (which sits in a position close to where the bridging moiety sits in the HsProl-Mn structure) and His377-NE2 (Fig. 3) . The C-terminal oxygen atoms are coordinated by the guanidinum group of Arg398, a water molecule and His255-NE2 (Fig. 2) . It is interesting to note that the water structure in the active site of the apo-structure resembles the ligand-binding mode, in the way, that two of the waters coordinated by the Mn 2+ -ions are replaced by O and N atoms of the Gly part of the dipeptide, and other water molecules are in the place of the carboxylate oxygen and the imine nitrogen of Pro, as well as of a part of the Pro ring. The bridging hydroxide ion is missing and its position is occupied by an entity, which is most likely a Na + -ion. Although based solely on electron density, it is impossible to distinguish an isoelectronic water molecule from a Na + -ion, the coordination sphere of this Table 4 . Selected interatomic distances in the active site. The two numbers refer to the distances in subunits A/B. All distances are given in A.
HsProl-Mn
HsProl-Na-GlyPro HsProl-Mg-LeuPro HsProl-Mn-Pro entity, which includes the carboxylate oxygen atoms of Asp276, Glu412, Glu452 as well as O-and N-atoms from the peptide bond of the substrate suggests that this entity is a Na + -ion and not a water molecule. Since the ligand bound structure did not show any electron density for the catalytic hydroxide ion, attempts were made to soak the Mn 2+ -preloaded crystals with MnCl 2 and GlyPro containing cryosolution for times varying from 10 s to 10 min. However, all such attempts led to unidentifiable substrate and/or product electron density. Very likely, the enzyme turnover rate even in the crystalline environment is too high to allow this complex to be captured. This is further compounded by the enzyme-activating effect of glycerol, which was used as cryoprotectant [7] .
We therefore resorted to the less preferred substrate LeuPro. Compared to GlyPro, the enzyme exhibits less than 1% activity toward LeuPro as substrate [7] . However, using the same procedure and Mn 2+ -loaded crystals, the very same problems were observed. Finally, the Mn 2+ -ions were replaced by Mg 2+ rendering prolidase inactive. Now, the binding mode of the substrate LeuPro could be easily discerned. The reason why prolidase is inactive in the presence of Mg 2+ is not Fig. 3 . Binding of the substrate GlyPro to the active site of human prolidase. The substrate GlyPro as observed in the HsProl-Na-GlyPro structure is shown as ball-and-stick superimposed onto the (2mF obs -DF calc , a calc )-composite omit electron density map contoured at 1.5 r (blue mesh). GlyPro is bound to the active site of the protein by a network of hydrogen bonds (Table 4 known. Hence, it was rather surprising to observe that the Mg 2+ -ions occupied the very same positions as the Mn 2+ -ions and the bridging water/hydroxide moiety was visible in the electron density as well (Fig. 4) . No apparent degradation of the LeuPro dipeptide could be discerned even when the soaking time was increased up to 1 h. A detailed analysis of HsProl-Mg-LeuPro complex shows striking similarities both with the unliganded Mn 2+ -loaded and with the GlyPro bound complex structure. As mentioned above, the Mg 2+ -ions present in the HsProl-Mg-LeuPro structure assume the same positions as the Mn 2+ -ions found in the HsProl-Mn structure. Further, the protein conformation is very similar to the one observed for the HsProl-Na-GlyPro structure with both the His255 side chain and the 98-112 loop of the other subunit shifted toward the active site. The Leu side chain of LeuPro dipeptide occupies the volume surrounded by the side chains of His255, His377, Tyr241, Ile244, and Val376. The position of the bridging molecule is also preserved with distances to Mg500 of 1.83
A in both subunits pointing again to a OH À . The distance from the bridging hydroxide to the dipeptide carbonyl C-atom is 2.60 and 2.49 A in the two prolidase subunits A and B of the HsProl-Mg-LeuPro structure respectively, which is close enough for a nucleophilic attack onto the peptide bond. Also, the O=CÁÁÁOH angle was observed to bẽ 100°in the two active sites, which is close to the optimum value of 105 AE 5°for a nucleophilic attack [52] .
In the available structure of HsProl (PDB Id: 2OKN, U. Mueller, F. H. Niesen, Y. Roske, F. Goetz, J. Behlke, K. Buessow, U. Heinemann, Protein Structure Factory, unpublished data) a phosphate ion was modeled in the active site of the enzyme, while in the paper describing the PfProl structure [45] , a model of the enzyme with the inhibitor AHMH-Pro was presented, but no corresponding PDB structure was deposited. Since the binding of the phosphate in HsProl and of the inhibitor in PfProl did not result in any significant structural rearrangement, it may be that the inhibitory effect is solely attributed to the displacement of the bridging hydroxide. In the case of E. coli prolidase (EcProl), a virtual docking approach was used to analyze the mode of substrate binding. The resulting orientation was similar to the one observed for the tripeptide bound to APP [47] and it is also similar to the substrate-binding mode observed here.
Selectivity toward binding of Xaa-Pro dipeptides
A comparison of the structures of E. coli APP in complex with the tripeptide ValProLeu and EcProl with the dipeptide PhePro docked into the active site revealed that a specific arginine residue (Arg370 in EcProl) is mainly determining the length of the ligand. Longer peptides, such as the ones bound to APP would directly clash with this Arg residue [47] . Indeed, this suggestion is nicely corroborated by the analysis of the HsProl-Na-GlyPro and HsProl-Mg-LeuPro structures. In both structures, the C-terminal carboxylate group of the substrate interacts with the guanidinium group of Arg398, which is the corresponding residue to Arg370 in the EcProl. In case of both human APP (PDB-Id: 3CTZ) [53] and human MetAP (PDB-Id: 1BN5) [54] , this residue is absent, thus allowing longer substrates to bind. Another distinctive feature of HsProl is the presence of His255, which also binds to the carboxylate group of the C-terminal Pro residue of the substrate. Homologous His residues are also found for human APP (His395), Met-Aminopeptidase (His231) and E. coli APP (His243), where this His side chain engages in a hydrogen bond with the carbonyl oxygen atom of the inhibitor (PDB-Id: 1A16) [55] . On the N-terminal side, the substrate length is limited by Tyr241 or its analogs in other pita-bread proteins. Any extension of the peptide in the preferred trans-conformation at its N-terminus would result in a severe clash with this Tyr side chain (Fig. 5) . If an Nterminal extension would exhibit an unfavorable cisconformation, a small amino acid such as Gly or Ala would still fit. Admittedly, such conformations are very unlikely and occur only when they are well stabilized [2, 3] .
Product binding to prolidase
To analyze the postreaction state, crystals of human prolidase were soaked in cryoprotectant solution containing either 100 mM of free Gly, or 100 mM free Pro or with a mixture of both in the presence of Mn 2+ . In none of the attempts, when Gly was used, could the product be located in the electron density. In contrast, Pro could easily be located in a difference electron density map in the active site of the enzyme (Fig. 6) . The orientation of the product is virtually identical to the one of the Pro part of the dipeptide substrate and its position is shifted only slightly. The protein still assumes its closed conformation as was also seen in the complexes with the dipeptides GlyPro and LeuPro. Trp107 and His255 are still moved inwards toward the active site. The His255 side chain is shifted by about 0. 5 A toward the ligand and forms an additional hydrogen bond to the imine nitrogen of Pro, while the carboxylate group interacts with the guanidinium group of Arg398 in the same way as for the dipeptide substrates. The ion positions are also the same as in the apo-structure and the bridging moiety is also present. The observation of Pro (but not Gly) binding to the active site and the fact that the enzyme is still in the closed conformation when Pro is bound has some implications for the reaction mechanism. First of all, it provides the structural basis of the inhibitory capacity of Pro in the sense that Pro might act as a competitive inhibitor of the prolidase reaction. Indeed, competitive inhibition by Pro with an inhibition constant of K i = 0.31 AE 0.04 mM in the pH range 7-9 had been reported earlier by Mock and Green [56] , nicely corroborating our interpretation. Second, it is clear that after product formation, the enzyme needs to return to its open conformation to be ready for the next catalytic cycle. Apart from the leaving of the products, this requires the concomitant shift of the ahelix containing loop 98-112 of the other subunit as well as of His255.
The reactive entity: water or hydroxide?
In case of prolidase, the cleavage of the substrate's peptide bond follows a hydrolysis mechanism [6, 46] . -positions in the HsProl-Mn structure. Also, the position of the bridging entity (red sphere) is the same as in the HsProl-Mn structure. Similar to GlyPro in the HsProl-Na-GlyPro structure, the dipeptide LeuPro is stabilized by a network of hydrogen bonds (Table 4 ). The (2mF obs -DF calc , a calc )-composite omit electron density contoured at 1.5 r (blue mesh) is shown for the ligand, the ions and the bridging hydroxide ion. (B) 2D-representation of the active site and the dipeptide LeuPro in the HsProl-Mg-LeuPro structure. LeuPro is shown in green lines. -loaded prolidase with the reaction product Pro bound. The anomalous difference density map contoured at 15 r around the metals is shown as orange mesh and the (2mF obs -DF calc , a calc )-composite omit electron density map contoured at 1.5 r around the product, the metal ions and the bridging OH À is shown as a blue mesh. The bridging hydroxide is shown in red as are the two water molecules, which bind in the place where the Gly moiety of the substrate would bind. (B) 2D-representation of the binding of Pro in the active site, water molecules were omitted for clarity.
As such, it must involve the activation of a catalytic water molecule to make it sufficiently nucleophilic. The only candidate for such a molecule, which could be identified from the series of structures presented here was the bridging moiety between the two Mn 2+ ions, which we interpret as a hydroxide ion. The presence of OH À is not too unlikely given the pH of the crystallization solution of 7.4-8.2. The reason why this bridging moiety could not be identified in the HsProlNa-GlyPro complex structure is probably the chemical difference between Mn 2+ and Na + , which leads to an altered metal ion structure in the active site of the enzyme. However, the fact that it is present in the HsProl-Mg-LeuPro structure in exactly the same position as in the HsProl-Mn structure lends support to this hypothesis. Further support originates from enzymatic activity data. Lupi et al. [7] observed that the optimal pH of the prolidase reaction is 7.8 and that below a pH of 6.0 the enzyme is hardly active anymore.
The reaction mechanism of prolidase
From the four structures presented here, it is possible to assemble a valid hypothesis for the reaction mechanism (Figs 7 and 8) . The resting state (1) is characterized by the Mn 2+ -loaded unliganded structure HsProl-Mn. The reaction-competent enzyme substrate complex or Michaelis complex (2) can then be pieced together from the structures HsProl-Mn, HsProl-Na-GlyPro and HsProl-Mg-LeuPro. The metal-binding position and the bridging hydroxide may be taken from HsProl-Mn with support from HsProl-Mg-LeuPro and the substrate-binding pose and surrounding protein conformation from HsProlNa-GlyPro. A reaction state such as a tetrahedral intermediate (3) found in the reaction mechanism of proteases could not be identified. It remains speculative at this point whether such state exists for the prolidase reaction. However, the negative charge built up on a possible tetrahedral intermediate could be stabilized by a hydrogen bond to His377-NE2, which already contacts the carbonyl oxygen atom of the dipeptide before cleavage. The two metal ions might also play a role in stabilizing a possible tetrahedral intermediate (Fig. 8) . Finally, the product-bound state (4) is characterized by the structure HsProl-Mn-Pro. After the release of the products, a water molecule from bulk solvent binds to the bimetallic center (5). This water molecule is then activated by Glu412-assisted proton abstraction, reforming the resting state (1) .
With respect to the actual mechanism, the very first step is the abstraction of a proton from the bridging water molecule. Due to its proximity, the most likely base to accomplish this is the carboxylate group of Glu412. Whether this proton remains on Glu412 or gets exchanged with bulk solvent is irrelevant for the following discussion. Subsequent to this, the substrate will diffuse into the active site and cause the protein to change its conformation from the open to the closed state. In this state, the Gly-N atom of the substrate as well as the Gly-O of the scissile peptide bond interacts with the two Mn 2+ -ions, respectively. The resulting polarization of the peptide bond helps to build up a partial positive charge (d + ) at the carbonyl C-atom of the scissile peptide bond. The next step is the nucleophilic attack of the hydroxide ion onto the carbonyl C-atom and the formation of a tetrahedral intermediate. Concomitant with the breaking of the peptide bond is the shift of the proton from the hydroxide over to the Pro-N atom, the newly formed N-terminus. Then, the first product Gly leaves the active site and finally, the return of the protein conformation to the open state (His255 and the surface helix containing Trp107) kicks the second product Pro out of the active site. In the very last step, the bridging moiety has to be replenished from the bulk solvent. In support of this mechanism is the report by King et al. who proposed that the C=O bond would be polarized and the partial positive charge on the amido C-atom would be increased as a result of the interaction of the amido Oatom with one of Mn 2+ -ions [21] . As a consequence of this, the nucleophilic attack would be facilitated. The proposed mechanism is also supported by kinetic analysis of the Glu412Lys mutant [42] . From the structural point of view, the best-analyzed complexes are those of E. coli methionine aminopeptidase (EcMetAP) [57] . Transition state analogs suggested an essential role of His79 in productive substrate binding [58] [59] [60] . In HsProl, the corresponding residue is His255. His178, which corresponds to His377 in HsProl, was implicated in the stabilization of the transition state. Highly informative were also the analysis of APP in complex with the product of hydrolysis [46, 55] and the analysis of several mutants of APP [50] . Based on structural and functional similarities, a common reaction mechanism based on activation of nucleophile by the metal center was suggested for pita-bread metallopeptidases [46, 61] . An attempt to further analyze the details of the mechanism was made using quantum mechanical (QM) modeling studies on the human prolidase structure (PDB-Id: 2OKN, U. Mueller, F. H. Niesen, Y. Roske, F. Goetz, J. Behlke, K. Buessow, U. Heinemann, Protein Structure Factory, unpublished data) [5] . However, probably due to the lack of the details of substrate-binding mode, some of their findings concerning the role of His255 and the coordination of carbonyl oxygen turned out to be inaccurate. In summary, the here presented reaction is plausible and able to encompass and explain the available biochemical data.
Summary and conclusions
In this work, a series of wt HsProl crystal structures was presented. The structures demonstrate how ligands are bound, identify the catalytic nucleophile and lay out the reaction mechanism. In more detail, evidence for the identity of the catalytic metal as Mn 2+ was accumulated from diffraction data collection close to the Mn-absorption edge. Substrate binding was achieved by omitting the Mn 2+ -loading step prior to substrate soaking. The corresponding structure revealed the transition of the open conformation of the enzyme to the closed conformation and it identified the amino acid residues relevant for substrate binding. However, the unproductive complex did not show the presence of the catalytic moiety. This in turn was achieved when Mn 2+ -loading was replaced by Mg 2+ -loading and when the substrate GlyPro was replaced by LeuPro. The corresponding structure provided the missing piece of the puzzle to assemble a productive enzyme conformation. Finally, the fourth structure revealed that immediately after the reaction, one of the products (Gly) leaves the active site, while the other one is retained, probably as long as the enzyme still remains in its closed conformation.
The reaction catalyzed by prolidase thus follows the general mechanism of hydrolysis common for all pitabread peptidases. In the here-reported structures, we observe the presence of an hydroxide ion even before ligand binding. Consequently, the enzyme seems to be in a precharged state. When the ligand is bound, the interaction between Mn 2+ -ions and the scissile peptide bond facilitates the polarization of the latter as well as the formation or the increase of a partial positive charge on the carbonyl carbon where the nucleophilic attack occurs. It seems obvious, that the availability of good quality crystal structures will allow more detailed molecular modeling and will contribute to a better understanding of the mode of action of prolidase and other related enzymes.
Materials and methods
Cloning, expression, and purification
Four liters of LB-broth supplemented with chloramphenicol (34 mgÁL À1 ) and kanamycin (50 mgÁL À1 ) was inoculated 1 : 100 with an overnight culture of pET28a-BL21-Rosetta cells carrying the gene for HsProl. The gene comprises the actual amino acid sequence and an N-terminal His 6 -Tag followed by a Tobacco Etch Virus (TEV) cleavage site. After the OD600 reached 0.6-0.75, the temperature was decreased from 37°C to 30°C and the culture was supplemented with 1 mM isopropyl b-D-1-thiogalactopyranoside in order to induce expression. After 4-5 h of expression, the cells were collected by centrifugation (12 min at 17 700 g). The pelleted cells were then re-suspended in lysis buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.5 mM 2-mercaptoethanol, 0.5 mM ethylenediaminetetraacetic acid [EDTA]), and centrifuged again to eliminate broth contamination. Afterwards, the cells were frozen and kept at À20°C. After thawing, the cells were lyzed by sonication (20 min sonication time using 10s-pulses and 20s-pauses in between) in lysis buffer in the presence of lysosyme. The lyzed cells were again subjected to centrifugation (40 min at 53 300 g). 
Diffraction data collection and processing
All diffraction images were collected on the HZB-MX beamline BL14.1 [62] at a temperature of 100 K. Both short and long-wavelength data sets for the two Mn-containing complexes HsProl-Mn and HsProl-Mn-Pro were obtained from the same crystal, respectively. The diffraction data were processed using XDSAPP [63] . All relevant statistics of data collection and processing are listed in Table 1 .
Ion identification using anomalous scattering
The identity of the ions in the two Mn 2+ -containing structures was probed by anomalous scattering. Diffraction data sets collected at wavelengths near the Mn-absorption edge exhibited significant anomalous signal. The CC anom values of the two data sets were above 30% to resolutions of 3.37 and 3.08 A for the structures HsProl-Mn and HsProl-MnPro, respectively. The corresponding anomalous difference electron density maps showed clear peaks at the positions of the metal sites, thus providing strong evidence for Mn being the correct atom identity.
Structure solution and refinement
The structures were solved by molecular replacement using the program PHASER [64] and as search model the unpublished structure of human prolidase from the Protein Data bank (PDB-Id 2OKN, U. Mueller, F. H. Niesen, Y. Roske, F. Goetz, J. Behlke, K. Buessow, U. Heinemann, Protein Structure Factory, unpublished data). Structures were initially refined with REFMAC5 [65] . PHENIX.REFINE [66] was used during the final stages of refinement. Hydrogens were added in riding positions and noncrystallographic symmetry restraints as well as Translation/Libration/Screw groups were assigned automatically. After refinement, the ridinghydrogen ions were removed and the models were subjected to analysis. Refinement and validation statistics are summarized in Table 2 .
Structure analysis
Accessible surface areas and interaction energies were calculated using the PISA server [67] . The diffraction data precision index (DPI) was calculated using the web server run by Kumar et al. [68] . The program ACHESYM [69] was used to find the best origin of the unit cell and place a model. The presence of Mn 2+ ions was confirmed by examining anomalous difference maps obtained from anomalous differences resulting from the long-wavelength data sets with the use of program ANODE [70] .
Accession numbers
Coordinates and structure factors have been deposited in the Protein Data Bank with accession number 5M4G for HsProl-Mn, 4M4J, for HsProl-Na-GlyPro, 5M4L for HsProl-Mg-LeuPro, and 5M4Q for HsProl-Mn-Pro, respectively. All original diffraction images are available via the IRRMC [71] 
